Abstract-We conduct a preliminary investigation into the levels of congestion in New Delhi, motivated by concerns due to rapidly growing vehicular congestion in Indian cities. First, we provide statistical evidence for the rising congestion levels on the roads of New Delhi from taxi GPS traces. Then, we estimate the economic costs of congestion in New Delhi. In particular, we estimate the marginal and the total costs of congestion. In calculating the marginal costs, we consider the following factors: (i) productivity loss, (ii) air pollution costs, and (iii) costs due to accidents. In calculating the total costs, in addition to the above factors, we also estimate the costs due to the wastage of fuel. We also project the associated costs due to productivity loss and air pollution till 2030. The projected traffic congestion costs for New Delhi comes around 14658 million US$/yr for the year 2030. The key takeaway from our current study is that costs due to productivity loss, particularly from buses, dominates the overall economic costs. Additionally, the expected increase in fuel wastage makes a strong case for intelligent traffic management systems.
I. INTRODUCTION
Traffic congestion in Indian cities is visibly on the rise. This has a detrimental effect on productivity, air pollution, fuel wastage, health, and quality of life. In the developed world, traffic congestion has long been recognized as an economic as well as a social impediment, and detailed studies on the economic aspects of congestion have been conducted. Such studies have been successful in sparking numerous policy deliberations, and have generated interest in devising novel traffic management systems.
A brief overview of road congestion statistics in some developed economies is given below.
• Annual congestion cost in the United Kingdom (UK) will reach 33.4 billion US$ by 2030, rising by over 50% from the 2014 levels of 20.5 billion US$ [2] .
• Annual cost of congestion in the United States (US) as of 2014, has been pegged at 124 billion US$; this is projected to increase to 186 billion US$ by 2030 [2] .
• In Australia, annual congestion cost levels are expected to rise from Australian Dollars (AUD) 3.5 billion (2005) to AUD 7.8 billion (2020) for Sydney, and AUD 3.0 billion (2005) to AUD 6.1 billion (2020) for Melbourne [8] . Such extensive studies have not been conducted for Indian cities as yet. However, it is being recognised that as India develops, congestion in cities is going to increase sharply, with numerous negative implications. The following statistics provide some insights into the congestion scenario in New Delhi:
• New Delhi's vehicular population is projected to rise to 10 million by 2020, leading to a marked increase in congestion, which will severely impede economic activity [8] .
• In New Delhi, at least about 300,000 US$ worth of fuel was being wasted everyday, by vehicles idling at traffic signals as early as in 1998 [27] . This figure jumped to approximately 1.6 million US$ per day as of 2010 [23] .
• New Delhi has been named the world's most polluted city among 1600 cities by the World Health Organisation (WHO), and vehicular emissions are a major contributor to this situation [31] .
Most of the research in the literature studying economic aspects of congestion, uses the link-flow approach. An example of this is [23] , which uses analytical models to establish congestion costs against a baseline scenario. Another related paper [14] uses a similar approach to estimate total traffic congestion costs. The approach followed by most of these researchers is to use an exponential congestion function, which relates the minutes needed to drive a kilometer in terms of the Passenger Car Units (PCU) in the city. We note that previous studies have not explicitly considered the effect of two-wheelers on the congestion costs. This may undermine the congestion estimates, as two-wheelers already outnumber cars, and will also increase in the future. The impact of twowheelers has been incorporated in our study.
The main contributions of this paper are twofold. First, by analysing the average speed of GPS enabled taxis over a period of one year, we provide statistical evidence for the increasing congestion levels in New Delhi. Second, we quantify the macroeconomic cost of traffic congestion in New Delhi, due to a variety of factors. 1 We begin with an analysis of the GPS traces from taxis to empirically show a downward trend in the average vehicular speed over the year 2013. Specifically, we employ a statistical test, known as the Kolmogorov-Smirnov test, which indicates that the average vehicular speed is statistically lower in the first quarter of 2014, as compared to the first quarter of 2013. We posit that this reduction in average speed of taxis is primarily due to an increase in congestion levels over the year of study. The major detrimental effects arising due to increasing congestion levels include the following.
• People spend more time in traffic, leading to productivity losses.
• Vehicles spend more time idling, releasing more pollutants into the air.
• Increasing fuel wastages due to frequent traffic jams, and stalling at signals.
In order to quantify these losses, we conduct a macroeconomic analysis of road congestion. To that end, we first aim to understand the marginal external costs of congestion, which measures the additional cost incurred due to an additional PCU worth of traffic. This is estimated for three factors; namely, productivity losses, air pollution costs, and road accidents. We have also included some key inferences obtained by analysing the major air pollutants on the roads of New Delhi. Next, we derive estimates for the total costs of congestion. In addition to the previous factors considered, we also incorporate fuel wastage due to traffic delays in our computations.
Once the congestion costs are estimated, it is then reasonable to consider some cost projections based on historical trends. To that end, we project costs due to productivity losses and air pollution till the year 2030. A key finding of our study is to identify that productivity losses incurred by bus commuters is the main contributing factor. This finding, coupled with the expected increase in fuel wastage, highlights the need for a combination of government policy and technology adoption. This work is an extended version of [18] . In addition to the work presented in [18] , we have analysed taxi traces for the city of Delhi to provide evidence for the rising congestion levels. The marginal and the total costs are also elaborated on in this paper.
The rest of the paper is organised as follows. In Section II, the motivation for estimating the economic costs of congestion is provided, by analysing data. In Section III we compute the marginal costs of congestion, followed by Section IV, in which we compute the total costs of congestion. In Section V, we make projections on some of these costs based on vehicular growth projections. Finally, in Section VI, we present our conclusions and a few recommendations.
II. ANALYSIS OF TAXI TRACES
In this section, we provide statistical evidence for the rising congestion levels. In particular, we perform an analysis of vehicle speed, using taxi GPS traces. The GPS traces used here are provided by a leading mobile application based taxi service provider. The data contain the vehicular position in terms of latitude and longitude, the current speed, the taxi ID and the direction in which it is heading. These GPS traces are available for a period of over one year, from January 2013 to March 2014.
A prominent indicator of congestion in any city is the variation in average speed of vehicles over time. Observations show that for 78% of the time in January 2014, the taxis exhibited a lower speed compared to January 2013. Similarly for February 2014 and March 2014, the corresponding percentages were 86% and 71% respectively. In fact, in January 2013, around 22% of time, the speed was higher than the speed in January 2014 by 10%. See Table 1 for similar inferences regarding the three months of interest. The data was also plotted for visual clarity. A basic moving average filter was used to smoothen the data. Figure 1 compares the average smoothed speed of taxis over the first 3 months of 2013 and 2014, i.e, over the months of January, February and March. We observe that there is a visible reduction in speed in 2014, as compared to 2013. While this effect is clearly visible in Figures 1a and 1b , for a brief period in mid-March (see 1c), taxis travelled with better speeds in 2014. After aggregating the speed over each hour in the year of 2013, we used a linear regression model to fit the data. The fit resulted in a negative slope, indicating that the average speed reduced from 34.2 km/h to 33.6 km/h in the year 2013. When similar procedure was repeated for the number of taxis, we observed a fit with a positive slope. It shows an increase in the number of taxis by roughly 200 units. Even though not conclusive, we can safely assume that other vehicles such as two wheelers and buses will follow a qualitatively similar reduction in the average speed. The negative trend for average speed and the positive trend for the vehicle count suggest an increase in road congestion over the period of study.
Over the year 2013, vehicular speed on weekends was slightly lower than the speed on weekdays. This observation suggests that the roads in New Delhi suffer from more traffic jams on weekends than on weekdays. Apart from monitoring the average speed of vehicles, a similar congestion indicator is the count of vehicles in different ranges of speed. In figure  2 , we observe a shift in the count of vehicles towards lower speed ranges in 2014. This is evident in all the 3 months that we analysed. The number of vehicles having average speed > 40 has reduced marginally in an year. In the year 2014, the number of vehicles in the lower speed range (20-30 km/h) has increased, and in the higher speed range (30-40 km/h) has decreased as compared to 2013.
A. Kolmogorov-Smirnov test
In order to provide statistical evidence for the observations made by visual inspections, we conduct a statistical test known as the Kolmogorov-Smirnov test (K-S test) [?] . In the one sample variant of the K-S test, we test whether a specified test distribution could have generated the set of samples at hand. We are interested in the two-sample variant of the K-S test, which determines whether the two sets of samples differ significantly. The null hypothesis of the test states that the two sets of samples are drawn from the same distribution. We can reject the null hypothesis with high confidence if its p-value is close to zero. On the other hand, a larger p-value indicates that the two sets of samples are statistically more similar. The K-S statistic D captures the distance between the empirical distribution functions of two samples.
We run the K-S test for the speed data obtained from taxi Figure 3 , is also consistent with the findings of the K-S test. Thus, the preliminary data analysis using taxi GPS traces suggest that there is a downward trend in the vehicular speed for the period we analysed. The statistical test further suggests that there is a high probability that the two speed distributions from 2013 and 2014 are dissimilar, and that 2013 has a higher speed distribution compared to 2014 for the same observation period. These inferences point to a visible increase in traffic congestion in 2014, when compared to 2013.
We will now compute the losses due to congestion in terms of costs. For this, first, we calculate the marginal external costs of congestion and then, the total costs of congestion in the following sections.
III. MARGINAL EXTERNAL COSTS OF CONGESTION
The notion of marginal costs relates to the change in a dependent variable corresponding to a unit change in an underlying independent variable. In the case of transportation systems, marginal costs of congestion refer to the costs incurred due to the addition of one vkm (vehicle kilometer) in an existing transportation network. Marginal costs indicate sensitivity of the transportation network to changes in demand. This in turn indicates the resilience of the transportation network [2] .
An important distinction of marginal costs from similar measures is that marginal costs, in the case of road travel, almost always increase with the addition of a unit of demand. On the contrary, cost measures such as the average costs may reduce with increased demand due to economies of scale, scope or density in the supply of transport services [23] . Marginal costs are of great practical importance especially in congestion pricing schemes that are gaining widespread acceptance in several cities around the world [14] . For instance, [25] emphasizes the importance of marginal costs due to the close estimation of real transportation costs accrued.
Several approaches have been followed to compute the marginal costs of congestion. One of the earliest works, [39] , computes the marginal costs by multiplying the per unit cost with the elasticity of the unit cost increased by one. The work makes use of traffic flow and velocity data collected by highway engineers, and lays emphasis on highway congestion. An important development in the computation of marginal costs is the inclusion of peak and off-peak loading as in [10] . Another important milestone in the study of marginal costs is [24] -it brings into purview the costs due to road damage and the subsequent increased costs due to vehicles operating on these damaged roads. A more recent work in the area of marginal costs is [20] , in which the authors carry out an extensive study of the components making up marginal costs and their implications for policy purposes. The work closest to this section is [32] , which computes the marginal costs in New Delhi with an elaborate methodology. However the work leaves out two important effects: two-wheelers and the effect of new legislation in New Delhi that has considerably reduced marginal costs due to air pollution [9] .
To compute marginal costs, the first step is to understand the different components that contribute to the marginal costs. A non-exhaustive list of components considered so far is given in Table 2 . The second step in computing marginal costs is to identify the components that are actually relevant. Ascertaining relevance of the components includes considering the geographical, legal and regional particulars, unique to the transportation network. For the purpose of computing the marginal costs in New Delhi, we consider only the following three components: productivity losses, environmental costs and accidents. The other costs are neglected for the following reasons:
• Infrastructure and maintenance costs are marginal in the case of New Delhi. Due to the developing nature of the Indian economy skilled labour is relatively cheaper [36] , and hence implies reduced infrastructure costs.
• Operation and usage costs of vehicles, have been increasing globally. In the case of India, the effect of increasing operation and usage costs has been very gradual due to Table 2 : Components making up marginal costs [23] the increasing quality of infrastructure, and customerfacing technology [15] .
• Additional service costs and Mohring effect can be neglected in the case of New Delhi, since state transportation schedules are not dynamic, and often times do not reflect the demand. Despite several studies highlighting the importance of a dynamic scheduling system for Indian cities, progress in its implementation is scarce and the schedules are more or less fixed [38] .
• Fuel wastage is a relevant component for computing marginal costs in New Delhi. However, due to restricted availability of information, fuel wastage can only be considered as a component while computing total costs of congestion. It will be taken up in the next section. The third step, is to examine the selected components individually and compute the marginal costs due to each of these components. The computational approach is similar to that found in [32] , but with a few important modifications. The modifications include considering two-wheelers and taking into account the post legislation CNG bus policy.
From a total costs perspective, if T i is the total cost of congestion function, due to the i th contributing component. ν C , ν f are the average vehicle speeds under congested and free-flow conditions respectively. Then, a plausible form for T i is:
(1)
Here, F i (ν) is a function that represents total costs due to the i th contributing component when the average network speed is ν. The derivative of total costs with respect to vkm is expected to directly give us the marginal costs. Note that the derivative of the second term in Equation (1) vanishes or leaves a very small contribution, depending on the network characteristics, since the average free-flow speed is constant. Hence, the marginal costs due to air pollution and accidents may be approximated to be the marginal costs of congestion due to air pollution and accidents. The following subsections compute the marginal costs due to each of the corresponding components. In the end, the total marginal costs due to all these contributions are computed.
A. Productivity Losses
Productivity losses are costs incurred due to delays experienced by commuters. The losses can be categorized into two dimensions:
• A personal dimension that covers losses arising out of personal time forgone while stuck in traffic delays. It includes time, that could be used towards employment, rest or any personally gainful activity.
• A commercial dimension, especially in the freight and cargo industry. Productivity losses may stem out of canceled orders or refused shipments due to late delivery. While the first aspect that covers productivity losses has been widely studied, fewer works have taken up business impact caused by congestion [3] . We will stick with losses on a personal scale, since business impact of traffic congestion is difficult to be modeled for New Delhi.
To compute the productivity losses for an additional vkm, the first step is to specify a speed-flow relationship for a given mode, i at time j. We use the Passenger Car Units (PCU) metric in the speed-flow relationship as used in most works to capture the vehicle characteristics [32] . PCU is the impact that a transport mode has on traffic variables such as speed and it is compared against a car. For example, a motorcycle is considered as 0.5 PCU. A difference in our methodology is that we use PCUs for two-wheelers on Indian roads as investigated in [6] . The commonly used speed-flow relationship is given by:
Here, t ij is the time (in minutes) needed to travel 1 km on mode i during time interval j. A 1j , A 2 , A 3 and A 4 are constants that depend on the characteristics of the transportation network under consideration. A 1j also depends on the period of travel j, and q i represents the PCU of mode i. Note that this approach is justified at least in the case of New Delhi, since the speed-flow fit has a high R 2 measure [32] . The Marginal Economic Costs of Congestion due to Productivity loss (MECCP i ) is thus given by:
In the above equation, x ij is the number of passenger kilometers (pkm) travelled in period j by mode i. VOT ij is the Value Of Time for a user travelling in mode i, during period j. ∂tij ∂qi is the increase in delay suffered in mode i during period j, due to a unit increase in the PCU of mode i. Across modes, the value of time for commuters estimated in [32] is corrected to reflect present day price-levels by using:
where, P old is the original 2001 price (in Rupees per hour) used in [32] for the value of time for different modes of transport. Γ t is the price-level in New Delhi during the year t, and i t is the national inflation rate during year t. A textbook definition of price-level describes it as the sum of the prevailing prices of a standard basket of goods and services consumed indicating the prevailing value of money. Table 3 lists the value of time for passengers using different modes (Table 4) , a near doubling in the marginal costs due to productivity is observed.
B. Air Pollution Costs
Vehicular emissions cause serious air pollution problems and are a health hazard. Air pollution costs arise from health and environmental damages due to vehicular emissions. Increased traffic congestion stalls vehicles and increases onroad time, which in turn considerably increases vehicular emissions. Computing marginal costs of congestion due to air pollution entails considerations such as emission per vehicle kilometer (vkm), vehicle fleet age structure, and the estimates of pollution costs per unit of the pollutant. The Marginal External Costs of Congestion due to Emissions (MECCE i ) for a transport mode i, summed over all emitted pollutants indexed by k, is given by:
In the above equation, ρ k i is the age-division-corrected emission structure for the i th mode, and δ k is the cost per kilogram of pollutant k emitted, computed in [33] . Further, ρ k i is computed using:
where, E k ij is the coefficient of emission per vkm for the i th mode of transport, belonging to the j th age-division, for the k th pollutant. The emission coefficients are listed in Tables 5, 6 and 7. Though vehicular emissions consist of a large variety of GHGs (Green House Gases) as well as harmful pollutants, in this study we only consider pollutants that are emitted in significant amounts, such as: carbon monoxide (CO), hydrocarbons (HC), oxides of nitrogen (NO X ), and Particulate Matter (PM). In Table 6 two differing sets of emission coefficients for PM are provided. The 'Business As Usual' (BAU) type corresponds to the PM emission coefficients, if the ruling to convert all buses to Compressed Natural Gas (CNG) had not been enforced in New Delhi. The next column in the table provides the most recent PM emission coefficients, following the ruling. Though the vehicle fleet-age structures differ, the PM emission [30] coefficients remain the same, since most older vehicles have been refit to comply with the existing standards.
The coefficient γ ij , representing the distribution of vehicle fleet age structure, is given in Table 9 for New Delhi. Hence, using (4), (5) and (6), the marginal external costs of congestion due to air pollution can be readily computed; see Table 10 .
We note that even for the newer buses from the 2006-2010 age group, there is an order of magnitude difference between the actual and BAU values for PM emission coefficients. For the older buses, the improvement in PM emissions can be as large as two orders of magnitude. This highlights the pivotal role and potential of government policy and enforcement in this area.
C. Accidents
Accident costs arise mainly from factors such as manpower losses, vehicular damages, insurance and other exigency costs. Accident statistics for the year 2013 is as given in Table 11 . The economic value of damages due to accidents has been assessed in [35] . In computing the cost due to accidents, the same prices are used, but these prices are corrected to 2013 levels using (4). The corrected prices are given in Table 10 : Marginal external costs of congestion due to air pollution
In the above equation, ǫ il is the number of accidents in the l th seriousness category for the i th mode as in Table 11 . Table  12 gives H l , the average cost of the accident corresponding to the particular mode and the seriousness category. Ψ i is the average total number of trips in a day as given in Table  18 and µ i is the average length of a trip for mode i as in [29] . Following this computation, the marginal costs due to accidents are tabulated in Table 14 .
D. Total Marginal Costs
Total marginal costs of congestion due to the three factors considered (productivity losses, air pollution, and accidents) are summed in Table 15 . In Table 16 , the contribution due to the air pollution component to the total marginal costs are compared against the results obtained by [32] . The key findings from these marginal cost estimates are as follows:
• The most significant increase in marginal costs is for cars, estimated at nearly 57%. In contrast, the corresponding figure for buses is only 10.4%.
• A striking observation is the decrease in the marginal costs due to air pollution in 2013. Table 14 : Marginal external costs of congestion due to accidents policy: (i) the switch to CNG buses, and (ii) the complete phasing out of vehicles purchased before 1990.
IV. TOTAL COSTS OF CONGESTION
The total costs of congestion are the sum of all costs accrued due to the delays experienced arising out of stalled speeds caused by road traffic congestion. In most cases, the total costs of congestion are defined with respect to a baseline scenario where congestion is minimal. The excess costs over and above the operating points of this scenario are considered as the total costs of congestion [23] . This popular approach highlights the dependence of total costs of congestion on not only the number of vehicles, but also the transportation network aspects such as capacity. Table 17 provides estimates of total costs of congestion made by several works for several transportation networks around the world. One aspect is clear, the cost has been consistently rising. Note that the costs of congestion computed by these works, correspond to the price levels when the research was actually published.
As we compute the total costs of congestion in the proceeding sections, it is also important to understand some issues regarding the total costs of congestion. Several authors have in the past questioned the meaning of the total costs of congestion. Some of the criticisms are:
• The 'total cost of congestion' is rather a misnomer. If the total costs of congestion are incurred due to congestion, Table 17 : Estimates of total congestion costs [23] does alleviating congestion guarantee that the economy will be better off by an amount equal to the total costs of congestion? Certainly not. Alleviating congestion implies infrastructural spending, which has to be meted out by the state [12] .
• Several paradoxes relating to transportation networks have proved that reducing congestion implies reducing travel impedance and hence increasing travel demand. Increased travel will only increase the total costs of congestion [12] .
• The total costs of congestion measures are also criticized because the baseline scenario is rather arbitrary. Accuracy of measures of average free-flow speeds have been questioned [12] .
Despite questions raised on the utility and accuracy of total costs of congestion, such a measure is important in the case of a developing country like India. Some of the reasons for this are:
• India does not have an established system of basic infrastructure. For instance, metro transportation is yet to be opened in most of the cities. Expenditure on these facilities will considerably debunk congestion, while in the case of developed countries with already existing transportation facilities, increased expenditure may only marginally provide relief.
• Total costs provide an excellent direction for a country like India which is still in the planning phases. Cities are still being built -not the case in developed countries.
Total costs of congestion have been well-studied in the past. Though there are several variations in the computation process, the basic framework remains the same in all past works: compare the congestion scenario with a reference baseline scenario with minimal congestion. The earliest work, perhaps, on the total costs of congestion is [11] . The approach followed in the computation makes use of the basic delay aspect. However, [11] neglects the value of non-work time. In [24] , the authors provide a different approach by categorizing road users and then computing a nationwide total cost figure for the UK. This approach has been criticized in [7] on dimensional counts, for multiplying marginal costs with a total volume. In [7] , the authors use a link-based methodology to estimate time and operating costs, and then compare costs at free-flow and current speeds. In our approach, we study total costs of congestion by aggregating costs for the three factors considered: productivity losses, air pollution costs and accidents. An additional cost considered in the case of total costs is the fuel wastage costs. All these costs are computed by comparing against a baseline scenario, mainly in terms of average speeds.
Though by definition a simple numerical integration of the marginal cost function seems to intuitively provide the total costs of congestion, the computation of the marginal cost function throughout the range of the integral is cumbersome due to changes in parameters A 1j , A 2 , A 3 and A 4 in (2) as the number of vehicles change. Therefore, a data driven approach is adopted, that considers the prevailing averages of the various parameters that have been considered in the previous section.
The following subsections delve into the computational details of the total costs of congestion. We will first consider the contribution by productivity losses to the total costs, and followed by this, air pollution costs will be studied. Costs due to accidents follow, finally ending with the contribution of fuel wastage to the total costs.
A. Productivity Losses
Here, the productivity losses entail a total approach, i.e, losses incurred by all commuters due to delays caused by all vehicles in the network. An important point worth mentioning here is that, the productivity losses in this case will depend on the average vehicle occupancy. The reason for dependency on occupancy is that the costs in this case are not with respect to a vehicular parameter (such as vkm), but necessitate the inclusion of an aggregate passenger number to compute losses.
Computing the total costs of congestion due to productivity losses involves considering several factors. These include: Value of time, average occupancy, trip length by mode, number of trips by mode, free-flow speed and average speed in congested conditions. Computing most of these factors at an individual micro-level is a formidable task. So for the purpose of these computations, averaged values of these factors are available, and are expected to produce similar results. Considering these factors, the Total Costs of Congestion due to Productivity Losses (TCCPL) is then given by:
In the above equation, Ψ i is the average total number of trips in a day for mode i, µ i (in kilometres) is the average length of a trip for mode i, and Λ i is the average occupancy for mode i. VOT i (in Rupees per hour) is the value of time for the commuter travelling in mode i, ν C is the average speed in New Delhi under congested conditions, and ν f is the free-flow speed of traffic. Both Ψ i and µ i are provided in Table 18 . Notice that, in New Delhi, the number of trips by buses is more than twice that for cars and two-wheelers. This is intuitive, since most cars and two-wheelers serve individual travel needs, and may be used just for commuting from home to work. However in the case of buses, they are in use almost throughout the day because of the scheduled public transportation trips. Just by looking at this Table 19 : Total costs of congestion in New Delhi due to productivity losses can come to the conclusion that whatever legislation is to be passed, favoring buses might have an overwhelming positive effect.
The average trip size, µ i remains almost the same for all the three categories at around 10-11 km/trip. Fewer number of trips for cars and two-wheelers outlines the enormous potential that ride-sharing and similar initiatives can have, especially in the case of cars, where average occupancy is mostly less than 50%. While potentials for improvement and reducing costs exist in all the three categories, it must be observed that bringing about improvements in bus systems is considerably easier since most buses are state-owned. In the case of twowheelers and cars, coordination among a large number of commuters may be essential, before being able to bring about considerable improvements.
In equation (8), Λ i represents the average occupancy for mode i. The average occupancy for buses is among the lowest in several similar works. For instance, [34] uses an occupancy rate as high as 85%, which translates to roughly an average occupancy of 34 in a 40-seater bus. This is an important point to note since taking higher average occupancies may considerably increase productivity loss costs. The free-flow speed (ν f ) is taken to be 40 km/h as in [37] , and ν C is taken to be 22.2 km/h as in [29] .
With (8) and Table 18 , the total costs of congestion due to productivity losses are readily computed, and are listed in Table 19 . Throughout this study we have used the exchange rate of 1 US$ = 60 INR (Indian Rupee). From the Table 20 , cars contribute more than 10% of the total productivity loss. As the number of cars is projected to grow rapidly, there could be a severe detrimental effect not only on the car passengers, but on all the other road users as well. Also note that the productivity losses for buses are the highest, because of its higher occupancy compared to other modes of transport. This is a good area for policy-makers to focus.
B. Air Pollution Costs
The computation of total congestion costs due to air pollution follows a comparison approach against the free-flow scenario. The factors considered to compute air pollution costs are similar to those introduced in the previous section. An important factor to be considered is the correction factor, that must provide an appropriate comparison with the baseline scenario. The correction factor must preferably be in terms of ν C and ν f , since these are already available.
Keeping these in mind, the Total Cost of Congestion due to vehicular Emission of air pollutants, TCCE is given by:
In the above equation, the inner summation with respect to the k th pollutant provides cost due to pollutants (CO, HC, NO X and PM) emitted per vkm for the i th mode. This data is obtained from Tables 5, 6 , 7, 8 and 9. Once this cost has been computed for the i th mode for all pollutants, the outer summation seeks to compute the total costs for all modes, throughout the year. Product of the cost of emissions per vkm with the average total vkm traversed per day (Ψ i µ i ) will give cost of emissions per day, for the i th mode. The outer summation over all modes, gives the Total Cost of Congestion due to Emissions (TCCE).
Note that in expression (9), we introduce a correction factor, which was not present in (8) . This factor accounts for the reduced speed due to congestion. The basic assumption underlying the correction factor is that the pollutants emitted increase proportionally with the increase in travel time. This is only an approximation since in most cases, the emission characteristics and constituents change as the vehicle speeds change. The changes are cumbersome and difficult to model. Keeping the assumption, the fractional change in time on road due to congestion is:
where T C is the time taken by a commuter to travel a given distance in congested conditions and T f is the time taken to travel the same distance in free-flow conditions. Since distances are the same in both congested and free-flow conditions, we have:
Using the above and simplifying, we have:
This is a rather simplified approach to computing the correction factor. More accuracy may be obtained by including travel demand elasticities [13] , since increased congestion increases travel impedance, reducing demand for travel. Then, the following must hold:
where Π T D < 1 is a factor to account for the reduced travel demand. Due to data unavailability and complexity in computing elasticities, we will use (11) instead of the slightly more accurate (13) . The correction factor is hence equal to the fractional increase in travel time due to congestion. Using Table 20 : Total costs of congestion in New Delhi due to emission of air pollutants (11), the total costs of congestion due to air pollution is given in Table 20 .
C. Accidents
As in the previous section, in which we compute the marginal costs due to accidents, we see in this section that accidents contribute a less significant component to total costs. However, in this case, the total costs due to accidents includes an aggregate total cost incurred due to accidental events involving a range of seriousness levels. Computing the total costs of congestion is slightly more direct than computing the marginal costs of congestion due to accidents because the data available is already in an aggregate form. In the previous section we found the cost per vkm only after finding the total costs. Then, the Total Cost of Congestion due to Accidents (TCCA) is given by:
We also include the correction factor introduced in (9). The form of the correction factor, follows the underlying assumption that increased road-time increases the probability of meeting with an accident. However, note that in this case the elasticities of travel demand will not come into play. We assume, and with reason, that travel time does not have elastic dependencies -a commuter who can complete his travel sooner, will not stay on road, just to ensure that the entire time he expected to be on the road elapses. The treatment of elasticities is far more complex in this case. Additionally, some studies have also found that commuters prefer constant travel time over varying travel times, where commuters may actually end up saving time on some days [17] .
The total cost due to accidents is provided in Table 21 . The year-wise breakup of the number of accidents, as obtained from [8] , is enumerated in Table 22 . Note that the number of accidents is largely stable in the years 2008 through 2013. Accidents do not seem to follow any increasing or decreasing trend with observable parameters. Also, we notice that fatal accidents contribute to most of the costs. Thus, there is a compelling case to formulate and enforce very strict safety norms, that reduce fatalities in road accidents.
D. Fuel Wastage
Fuel wastage due to traffic delays leads to losses that can be traced directly to traffic congestion. Some of the reasons for this fuel wastage due to congestion include:
• Stalling at traffic signals. Table 22 : Total number of accidents in New Delhi (New Delhi traffic police)
• Stalling and reduced speeds in traffic jams and diversions.
• Reduced speeds at narrowing and tapering roads.
• Reduced speeds at junctions, intersections and flyover extremes. The basic approach to computing total fuel wastage costs includes computing reduced speeds at congested intersections and finding the equivalent fuel consumption at these stalling points. The next step is to assign the wasted fuel monetary costs. We do not compute the costs due to fuel wastage in New Delhi as this has already been widely researched by several governmental policy think-tanks. The earliest known estimate of fuel-wastage in New Delhi was provided by the Central Road Research Institute, back in 1996. The wastage was estimated at 300,000 US$/day [5] .
In [26] , a survey based approach is followed, by earmarking 12 intersections in New Delhi catering to varying traffic densities. The study estimates that the waste fuel cost is as high as 994.45 crores of Rupees per annum according to the 2008 price levels. Later in 2010, an independent study conducted by the Center for Transforming India has pegged this cost at approximately 10 crores of Rupees per day [4] . This figure will be used in our computations.
E. Summary of Total Costs
In this subsection, we present the total costs of congestion, having considered the various components that contribute to the total costs of congestion. Table 23 shows the total cost of congestion in New Delhi per year, with most of the data used to compute the contributions of the underlying factors falling in the range of 2008-2010. In INR terms, traffic congestion costed New Delhi close to 54,000 crores of Rupees in the year 2013. There are a few important points that are to be emphasised as evident from Table 23: • Buses are the largest contributors to the total costs of congestion. But, considering the number of trips per day that buses in New Delhi undertake and the number of commuters whose travel demands they satisfy, buses are probably the most efficient transportation means, in terms of total costs. Table 23 : Total costs of congestion in New Delhi
• Costs due to productivity losses are the largest contributor to the total costs of congestion. All other factors fall within 10% of the contribution made by costs due to productivity losses.
• The contributions by cars to congestion costs is almost a billion US$/yr and given the occupancy of less than 50% these costs are likely to have the most potential for reduction.
V. COST PROJECTIONS FOR PRODUCTIVITY LOSSES AND AIR POLLUTION
In Section II, we computed the marginal costs of congestion, followed by total costs of congestion in Section III. An important requirement now is to be able to approximately tell how these costs are expected to change with time. This is an essential requirement since it justifies recommended infrastructural spending to ease congestion.
This section provides the cost projections for the marginal and total costs until 2030. The closest work relating to the results in this section is [19] , which uses projections to determine the optimal transportation mix. In our case, we use the projected vehicle population growth to determine both marginal and total costs of congestion and in turn, make projections on these costs.
Of the four underlying factors that have been considered as contributors to total costs of congestion, we argue that two of the factors -fuel wastage costs and accident costs may be neglected. Projections will then be made for the productivity losses and air pollution costs.
Accident costs are neglected in making the projections because:
• The number of accidents are difficult to be modelled and predicted. The number of accidents does not seem to show any strong dependence on the number of vehicles [8] .
• Even if a method to accurately determine number of accidents was perfected, the contribution from such costs would be dwarfed by the total costs of congestion. For instance, in the present scenario, the contribution to the total costs from accidents is just about 0.72% of the total. A similar situation is encountered in the case of marginal costs. The fuel wastage costs are also neglected for the following reasons:
• The magnitude of fuel wastage costs is distorted due to changes in global oil prices. Projecting fuel wastage requires being able to project oil prices many years hence, which is an impossible task [28] .
• The dependence of fuel quantity wasted with the number of vehicles is non-trivial and may strongly depend on several factors such as infrastructure and other network characteristics of the transportation network.
• This is another minor contributor to the total costs, presently contributing less than 8% of the total costs and can hence be neglected. Projections of marginal and total costs of congestion are made by obtaining the growth projections of the two underlying factors affecting these costs -productivity losses and air pollution costs. However, making projections directly based on these two factors is non-trivial. A good approach would be to find a common dependence on which both these two factors depend, and for which plenty of past data is available so as to make the statistical projections meaningful. Vehicular population is one such common dependence and it satisfies the past data availability criteria also.
There are advantages in making projections for productivity losses and vehicular emissions indirectly based on the projections for vehicle population, rather than directly making projections based on the individual factors:
• In the indirect approach, the projections are independent of the model used to arrive at the contributions made by productivity loss and vehicular emissions based costs.
• Another inherent advantage is that projections on the vehicular population of New Delhi have been widely studied; however, this is not true of the individual factors. Note that this approach lacks accuracy, as with increasing vehicular populations, network parameters describing the network characteristics may well change. Though the approach underestimates the projected costs, it will serve to justify minimal infrastructural spending. The projections for vehicular population in New Delhi is completed using a spreadsheet model. This completes the first step of the projection process.
The next task is to model the dependence between vehicular population and the two most relevant underlying factors making up marginal and total costs. The equations below capture the dependence of these two factors on vehicle population. From (2), the dependence of Productivity Loss Costs (PLC) on the vehicle population, N , is:
Similarly, since the Vehicular Emission Costs (VEC) depend on the number of vehicles, assuming an equal distribution and a similar modal share throughout the projected years, we have:
The projections for vehicular population in New Delhi obtained from the simple spreadsheet model are provided in Table 24 . Using Table 24 and equations (15, 16) , the projections for the marginal costs of congestion are as in Table 25 . Similarly, projections for the total costs of congestion are given in Table 26 . An assumption regarding the projection for buses is that the government will continue sanctioning buses in line with the demands of the population, and will not look to increase bus frequencies so as to lower average occupancies. This is only a slight underestimation, since with increasing living standards in India, it is highly likely that buses will be sanctioned at an higher rate than predicted. Though this effect will not affect the productivity loss costs (which depends only on the number of passengers), it will increase the environmental costs due to the lower average occupancies, and hence increased vkm per day. This will once again underestimate the cost projections.
An alarming observation based on the projections is the nearly 70% increase in the number of cars. Clearly, this will not be sustainable, and will have a damaging impact, particularly on productivity losses, environmental costs, and fuel wastage.
VI. CONCLUSIONS AND RECOMMENDATIONS
The key takeaways from our study are summarised below.
• After monitoring the taxi GPS traces on the roads of New Delhi for a period of over an year, we noticed that there is a negative trend in the average taxi speed. We also observed a positive trend in the number of taxis during the same period of study. These patterns point towards the increasing levels of congestion in the city.
Year Car Bus Two-wheeler Total Table 26 : Cost projections -total costs of congestion (million US$/yr)
• The results from the K-S test suggest that the speed distributions for the years 2013 and 2014 are dissimilar, and that the taxi speeds are statistically higher in 2013. The reduction in speed in 2014 may lead to more productivity losses, pollution losses and fuel wastages, compared to 2013. Hence, it is very likely that the total congestion costs in 2014, and the subsequent years, will be higher than that in 2013. This supports the cost projections in Table 26 .
• Even 15 years after the authors' claim in [19] , buses still are the most popular means of road transport catering to about 60% of New Delhi's total demand. The stateowned New Delhi Transport Corporation buses are in fact the largest CNG-driven fleet in the world [27] . It is clear from our study that buses are contributing a substantial portion of the total costs, primarily due to productivity losses. The productivity loss due to congestion delays of commuters who use buses accounts for about 75% of total costs of congestion.
• Idling at traffic lights, signalised intersections and busy junctions due to congestion causes fuel wastage, which is another source of substantial costs. With the number of cars projected to increase sharply, this component is expected to play an increasingly significant role.
• From Table 25 , we see that the projected marginal congestion costs of cars approach that of buses. This means that in the year 2030, according to our projections, the cost of adding a vkm of car travel to the existing traffic network is very similar to the cost of adding a vkm of bus travel to the same network, despite the enormous differences in size and hence in road space occupancy. This goes to show that the New Delhi traffic network will be so saturated that the addition of one vkm of bus or car will be viewed similarly.
• Another important conclusion is that cars have the most potential for cost savings, due to two important reasons: average occupancies not exceeding 50% and a low number of average trips per day. Ride-sharing and similar arrangements in New Delhi will have tremendous potential in terms of cost saving as well as easing congestion.
• The economic costs arising from accidents is not a significant proportion of the total costs. Though accidents entail significant and irrevocable personal losses, their contribution is less significant from a macroeconomic perspective.
Based on the results obtained so far and the conclusions above, we provide some key recommendations to address the issues identified.
• The Government should look into setting up dedicated bus lanes. This would considerably reduce the productivity losses for commuters who use buses, encouraging other private transport users to commute by buses due to the reduced transit time. Our study also adds strong credibility to various works in literature that make a case for dedicated lanes for buses in New Delhi [16] , [31] . In order to make dedicated bus lanes effective, it would be important to have more frequent, and more comfortable buses. This could also help in shifting a fraction of the motorists to buses.
• Employ state-of-the-art scheduling policies for buses.
There is also a case to be made for equipping public buses with GPS and making the data publicly available. This would enable real-time solutions and innovation to flourish. Though these recommendations entail additional spending on the part of the Government, public transport investments by the Government in New Delhi have had high returns, as is evident in the case of the New Delhi metro [22] .
• As fuel wastage is expected to increase, it would be important to employ intelligent traffic management systems, including smart traffic lights. Such solutions could be extremely valuable in future smart cities, where it may be possible to install the required infrastructure in advance.
• Car pooling and other similar measures must be promoted, and the Government should help facilitate and incentivise such practices where ever possible. With regards to future work, a more comprehensive study on all the aspects that impact costs of congestion in New Delhi is certainly required. There are several aspects of this study, especially in the computational modelling aspects that can be extended. Some of these among several others are:
• Include travel demand elasticities to obtain a more accurate correction factor in (11).
• Compute the new δ k costs for New Delhi. The existing costs are fairly outdated, last computed for the year 1998 using the transfer of benefit method as used in [33] .
• Projections can be made more accurately, by considering parametric changes that are influenced by the vehicular population. The present approach makes projections based on vehicular growth projections, but assumes all else to be constant, hence underestimating the cost projections.
• Recompute the fitting parameters A 1j , A 2 , A 3 and A 4 obtained from [32] . The parameters are expected to have slightly changed now, due to the passage of time since they were first computed using curve-fitting methods in 2010. The advantages of replicating similar systematic study in other major Indian cities can be clearly seen. Such studies would better inform cost-benefit considerations for the numerous possible solutions that may be considered, towards providing a smarter transportation infrastructure in various cities, which is an important requirement in the developing world.
